Background: Different movement efficiency in overweight children may affect accelerometer output data. The purpose was to investigate the ability of accelerometers to assess physical activity intensity and number of steps in normal-weight compared with overweight children. Methods: Eleven normal-weight and 14 overweight African American children walked at 2, 4, 5, and 6 km/h on a treadmill wearing Lifecorder, ActiGraph, RT3, and Biotrainer. Oxygen uptake was measured and steps manually counted. Fat free mass (FFM) was assessed from bioelectrical impedance analysis. Accelerometer counts and the individual linear regression lines of accelerometer counts versus VO 2 /FFM were evaluated, together with steps recorded by Lifecorder and Actigraph. Results: Correlations between accelerometer counts and VO 2 /FFM for all monitors were r ≥ .95 (P < .01). The accelerometer counts and their relationship to VO 2 /FFM did not generally differ significantly by body weight status. Lifecorder and Actigraph underestimated steps at 4, 5, and 6 km/h by less than 9%, but the error was up to -95% at 2 km/h. Conclusions: All 4 accelerometers show high ability to assess physical activity intensity, and can be used to compare physical activity between normal-weight and overweight children. The Lifecorder and the ActiGraph showed high accuracy in assessing steps, providing speed of movement exceeded 2 km/h.
The incidence of overweight and diabetes in youth in the U.S. is high, 1, 2 and if left untreated these diseases may continue into adulthood. 3, 4 The incidence of overweight and type 2 diabetes is particularly high in African American youth 1, 2 and interventions targeting this group may have great health impact.
Promoting physical activity is important in interventions designed to reduce overweight and the risk of diabetes. 5, 6 However, the impact of such interventions on the amount of physical activity needs to be measured as part of the intervention evaluation. The introduction of motion sensors, for example accelerometers, with high sampling rate and high memory capacity has expanded the possibilities for measuring physical activity in children. The advantages of using accelerometers compared with subjective methods like questionnaires or diaries were elucidated in a recent review. 7 One issue raised was that the use of subjective methods may result in groupspecific reporting biases. For example, there is a tendency for over-reporting of physical activity among children involved in lifestyle modification interventions. Using accelerometers may overcome this problem. 8 Accelerometers detect acceleration of the center of body mass along 1 or several axes. The primary accelerometer output, counts, is a measure of the occurrence and the intensity of movement. Calibration and validation studies of accelerometers using oxygen consumption (VO 2 ) or the doubly labeled water method as criterion measures of activity intensity have mostly been performed in normal-weight children. [9] [10] [11] [12] [13] [14] Overweight individuals have a different and more inefficient walking pattern compared with normal-weight individuals [15] [16] [17] and have higher oxygen consumption for the same activity. 18, 19 Whether the overweight status of children affects the relationship of accelerometer output to energy expenditure for commonly used accelerometers has not been previously reported. The aim of this study was to investigate the ability of 4 accelerometers to assess physical activity intensity and, for 2 of them, the numbers of steps, in normal-weight compared with overweight African American children.
Methods

Experimental Design
The participants were assigned to either the normalweight group or the overweight group depending on their body mass index (BMI) status using standard growth charts: the normal-weight group included BMI percentiles ≥ 15 to < 85, and the overweight group included BMI percentiles ≥ 85. We aimed to evaluate at least 6 males and 6 females in each group. All participants walked on a treadmill wearing 4 different accelerometers. Oxygen uptake divided by fat-free mass was used as the criterion for physical activity intensity and manually counted steps was used as the criterion for steps taken.
Subjects
African American children, 8 to 12 years old and without any medical condition preventing them from performing normal physical activity, were invited to participate. They were recruited through flyers at YMCA in inner-city Oakland, California. Eligibility was assessed using a screening questionnaire administered to parents/guardians of the children. Signed informed consent was received from a parent or guardian before participation. During recruitment an attempt was made to achieve a similar age distribution within each gender/group. This study was approved by the Committee for Protection of Human Subjects at the University of California at Berkeley.
Instruments
Accelerometers. The Kenz Lifecorder EX (Suzuken Co., Ltd., Nagoya, Japan) measures acceleration along the vertical axis only. It has a sampling frequency of 32 Hz, but the highest pulse each 4 seconds is categorized into one of 11 activity levels. Level 0 is for sedentary activities, level 0.5 is for transition where less than 3 steps are taken, and levels 1 to 9 are for ambulatory movement. Data are presented as the average activity level every second minute. The Lifecorder EX also records the number of steps taken during activity. Seven days stored data can be viewed on its display but up to 200 days of data can be viewed in the software.
The ActiGraph GT1M (ActiGraph, LLC, Pensacola, FL, USA) also measures acceleration along the vertical axis. The accelerometer has a sampling frequency of 30 Hz and can be programmed to record data in epochs between 1 second and 4 minutes. The ActiGraph has the ability to record the number of steps taken. The storage capacity is 6 days if the 1-second epoch is selected and 364 days if 1-minute epoch is selected. In this study the ActiGraph was set to the 1-minute epoch with step mode selected.
The RT3 (Stayhealthy, Inc., Monrovia, CA, USA) measures acceleration along the vertical (x), anteroposterior (y), and mediolateral (z) axes. A resultant vector magnitude is calculated [VM = (x 2 + y 2 + z 2 ) 0.5 ] that integrates movement along all 3 axes. The RT3 can be set to store data either in 1-second or 1-minute epochs. The storing capacity for VM is 9 hours for the 1-second epoch and 27 days for 1-minute epoch. In this study a 1-minute epoch was used.
The Biotrainer Pro (IM Systems, Inc., Baltimore, MD, USA) is a uniaxial accelerometer but the sensor is positioned 45° to the vertical axis and has the ability to detect acceleration in the vertical and horizontal axes. It has a sampling frequency of 10 Hz and can be programmed to store data in epochs of 15 seconds to 5 minutes. If the 15-second epoch is selected, the storing capacity is 6 days and in the 1-minute epoch it is 23 days. In this study the Biotrainer was set at 1-minute epochs.
Oxygen Uptake Device. The Vista Mini-CPX (Vacumetric Inc., VacuMed Division, Ventura, CA, USA) measures gas exchange breath-by-breath using a turbine flow sensor, a fuel cell for O 2 analysis, and a infrared CO 2 analyzer. The flow sensor is attached to a face mask that covers both the mouth and nose. Before each measurement, a 1-point airflow calibration was performed using a 3L syringe together with calibration of gas-analyzers against room air and a certified gas mixture of 16% O 2 and 4% CO 2 . The face mask was checked to ensure absence of air leakage, and gas exchange values were confirmed to be within normal limits.
Procedures
Before the visit and at arrival the children were instructed to drink water to decrease the risk of being dehydrated, increasing the accuracy of the body composition assessment and reducing discomfort or dehydration during activity. They were also instructed before the visit to refrain from consuming food for 3 hours before the visit. All aspects of the measurement protocol were explained and demonstrated to the child and his/her parent/guardian. The children also practiced walking on the treadmill (PaceMaster Pro-Plus; Aerobics, Inc., West Caldwell, NJ) at speeds of 2 to 6 km·h -1 . Body weight was measured to the nearest 0.1 kg using a digital electronic scale (BWB 800, Tanita Corporation, Japan), and height was measured to the nearest 0.1 cm using a portable stadiometer and with participants lightly dressed and without shoes or jewelry. BMI was calculated as weight (kg) divided by height squared (m 2 ). BMI percentiles and BMI z-scores were generated using an age and gender specific CDC calculator program. After 30 minutes in a recumbent position, total body resistance was measured using the bioelectrical impedance analysis (Model BIA-101Q, RJL systems, Detroit, MI) according to manufacturer's instructions. While in the recumbent position, the child was fitted with the face mask and practiced breathing normally. The face mask remained in place for the remainder of the trial. Measurements of body weight, height, and resistance were repeated until 3 consecutive values differed by not more than 0.1 kg, 0.5 cm, and 5 Ohm, respectively.
The children walked at 2, 4, 5, and 6 km·h -1 on the treadmill for 4 minutes at each speed. The accelerometers were time-synchronized to the oxygen uptake device and were attached using a clip or strap to a common belt around the waist. The ActiGraph and RT3 were attached over the right and left hips, respectively. The Biotrainer was attached on the left side medial to the RT3 and the Lifecorder EX on the right side medial to the ActiGraph. Care was taken to ensure that the accelerometers remained optimally positioned (not tilted) during each trial. The same 4 accelerometers were used for all subjects. Steps from the Lifecorder EX were recorded directly from its display.
Data Analysis
VO 2 , accelerometer counts, and steps for each speed on the treadmill were calculated as the mean of the last 2 minutes of each 4 minute period. Fat-free mass was calculated using the mean of the 3 measurements of body weight, height, and resistance from BIA in the equation by Horlick et al 20 which has been validated in African American children: 21 FFM = (3.474 + 0.459·Height 2 / Resistance + 0.064·Weight) / (0.769-0.009·Age-0.016·Gender); Weight (kg), Height (cm), Resistance (Ohm), Age (years), female (0), and male (1). VO 2 divided by fat-free mass, VO 2 ·FFM -1 (ml·kg -1 ·min -1 ), was used as the criterion for physical activity intensity.
For each individual, a y (total VO 2 ·FFM -1 ) versus x (accelerometer counts) correlation and regression line (slope, y-intercept) was computed. These individual correlations, slopes, and intercepts were evaluated by gender, body weight status, and speed. Correlations were a measure of reliability within subject, slopes were a measure of magnitude of the relationships, and y-intercepts assessed uniformity among individuals or group, regardless of the value of x.
The influence of body weight status on accelerometer counts was determined using a repeated-measures ANOVA with 2 grouping factors (body weight status and gender) and 1 within-subject or trial factor (speed). Secondly, the effect of body weight status on the ability of the accelerometers to assess physical activity intensity was assessed using 2-factor ANOVA (body weight status and gender) analyses on the slopes, correlations, and intercepts of the individual linear regression lines of accelerometer counts versus VO 2 ·FFM -1 . Lastly, the influence of body weight status on the accuracy of assessing steps by the Lifecorder and the ActiGraph (% difference from manually counted steps) was determined using a repeated-measures ANOVA with 2 grouping factors (body weight status and gender) and 1 within-subject or trial factor (speed). Statistically significant differences were followed up using Tukey's difference test. For all tests, P < .05 was defined as statistical significant.
Results
Thirteen normal-weight and 15 overweight children were recruited for the study. Because of missing data due to a technical error in the oxygen uptake device, the results from 2 normal-weight children were excluded. The results from 1 overweight child were also excluded due to decreasing counts with increasing speed for on of the monitors, which was considered an unrealistic and erroneous response. Thus, analyses were performed on data from 11 normal-weight and 14 overweight children. Children in the overweight group were significantly heavier than children in the normal weight group, and this extra weight was composed of both fat and fat-free mass (Table 1) . Children in the overweight group were also significantly taller and older.
Treadmill speed significantly influenced accelerometer counts for all 4 accelerometers, but for the ActiGraph and RT3 accelerometers there was a 3-way interaction of speed × body weight status × gender ( Table 2 ), implying that speed needed to be evaluated separately for each of the 4 gender-body weight groups (Tables 3 and 4) . For the Lifecorder and Biotrainer, accelerometer counts increased significantly with each increase in speed. For the ActiGraph and RT3, similar increases with speed were observed for 3 of the 4 groups, but differences between 5 and 6 km·h -1 were not significantly different for ActiGraph counts for overweight girls, or for RT3 counts for normal weight boys. Significantly higher accelerometer Note. Differences were determined using 2-factor ANOVA with weight status and gender as main factors. Interactions between these main factors were not significant. Presented are unadjusted means. The statistical significances of the difference are shown by weight status after adjusting for gender. *P < .05, **P < .01, ***P < .001. Note. Superscripts m and n denote significant differences between weight status groups within accelerometer.
counts from the Biotrainer were observed for the overweight group compared with the normal-weight group.
There was large individual variation in accelerometer counts at all speeds and in all groups and for all accelerometers, with coefficients of variation ranged from 0 to 62%. To adjust for differences in body weight and composition, accelerometer counts were expressed as a function of physical activity intensity (VO 2 ·FFM -1 ). Figure 1 displays the variation in slopes and intercepts of the individual regression lines between accelerometer counts and VO 2 ·FFM -1 for the 4 accelerometers. Variation among children in slopes and intercepts of the regression lines continued to be large, with coefficients of variation ranging from 17 to 48% (Table 5 ). As our initial statistical analyses (data not shown) indicated that individual slopes and intercepts for individual subjects within group were significantly different from each other for all accelerometers, data could not be pooled into a single regression equation within group, complicating the subsequent analyses. Slopes, intercepts and correlation coefficients, generally, did not differ by body weight status or gender of the child, although there was a significant effect of body weight status (P = .02) and gender (P = .02) on the slope and intercept, respectively, for the Lifecorder. Counts from all accelerometers were highly correlated to VO 2 ·FFM -1 within children as mean r-values ranged from 0.95 to 0.98 (P < .01 for all children), with coefficients of variation within 3 to 6%.
An interaction between speed and body weight status was observed for the accuracy of the Lifecorder and the ActiGraph in assessing steps (Table 6 ). For both accelerometers, accuracy was significantly worse in the normal weight than overweight groups when assessed at 2 km·h -1 , but not for the other speeds (Table 7 ). In addition, accuracy was significantly worse for assessments made at 2 km·h -1 (mean difference ranging from -42% to -95%) than for assessments at the other speeds (mean difference ranging from -1.1% to -8.4%). For both body weight groups, there was a significant, but small, effect of gender on the accuracy of the ActiGraph in assessing steps, with lower accuracy for girls than for boys (Table 7) . Note. Repeated-measures ANOVA with 2 grouping factors (body weight status and gender) and 1 within-subject or trial factor (speed), with interactions. Shown in bold are the analyses followed up using Tukey's difference test. 
Discussion
This is the first study that compares the response of commonly used accelerometers and the relationship to a reference method for physical activity intensity between normal-weight and overweight children. The Lifecorder, ActiGraph, RT3 and Biotrainer all showed excellent ability to assess physical activity intensity, with mean correlation coefficients ranging between 0.95 to 0.98 and coefficients of variation of only 3% to 6%. In normal-weight individuals, moderate-to-strong individual correlations between accelerometer counts and activity intensity have been reported previously for these 4 accelerometers. 10, 11, 22, 23 Neither body weight status nor gender consistently influenced accelerometer counts or the relationship between accelerometer counts and VO 2 ·FFM -1 . Of the 18 body weight status comparisons made, in only 2 comparisons were differences statistically significant (Biotrainer counts, Tables 2 to 4 ; Lifecorder slope of counts versus VO 2 ·FFM -1 , Table 5 ). Of the 18 gender comparisons made, in only 2 comparisons were differences statistically significant (Lifecorder counts-VO 2 ·FFM -1 relationship, intercept, Table 5 ; Actigraph, difference from reference for steps, Tables 6 to 7) . It has been shown that obese adolescents have a considerable larger mediolateral movement during walking. 15 Excessive amounts of fat can cause a wider step width and more inefficient walking, and this inefficiency seems to be constant across the walking speeds. 15 The Lifecorder and ActiGraph measure the vertical acceleration only and would not be expected to detect this difference, as shown in the current study. The Biotrainer measures acceleration in both the vertical and horizontal plane, and when attached according to manufacturers instruction, in slight angel to the sagittal plane, it may detect mediolateral movements. In the current study the Biotrainer detected a constant higher amount of movement across the speeds among the obese children. The RT3 measures acceleration along all movement axes and would be expected to detect differences in movement patterns between overweight and normal-weight children. Although it may detect differences in mediolateral movements, the counts generated along this axis contribute little to the vector magnitude in comparison with the counts generated by the vertical and horizontal acceleration forces. This may explain why we did not observe a uniform difference between overweight and normal-weight children in the current study using the RT3. Altogether, there may be differences in movement patterns and efficiency between overweight and normalweight individuals, these differences appeared not have any major effect on the output from, or the reliability of, the 4 accelerometers used in the current study. This may imply that monitor counts could be compared across long-term intervention trials in high-risk children, despite the growth and/or weight loss that might occur. However, this would need to be confirmed in subsequent evaluation trials before beginning such an intervention trial.
Among children, however, there was considerable individual variation in accelerometer counts at a given speed, and in the relationship between accelerometer counts and activity intensity (VO 2 ·FFM -1 ). Others have reported considerable individual variations in accelerometer counts across intensity levels when assessed in normal weight individuals. 10, 11, 22, 23 For the ActiGraph and the RT3 the individual regression-lines between accelerometer counts and activity intensity also showed a considerable variation. 10, 11 Because of this high individual variability, large sample-sizes will be needed to observe a significant difference. In studies where this is not feasible or desirable, consideration might be given to establish, for each child, a standard curve of accelerometer output as a function of speed and/or activity intensity (VO 2 ·FFM -1 ) before assessment. This would be important when it is essential to quantify for individuals, for example, when the aim is to evaluate the relationship between the degree of change in physical activity amount and/or intensity and the degree of change in a second outcome variable, such as change in BMI z-score.
Ekelund et al suggests the use of "activity-related time equivalent based on accelerometry (ArteACC) index". 24 It is calculated as ArteACC (minutes per day) = total daily accelerometer counts (counts per day)/ reference exercise (counts per minute). Before each measurement period (before and after an intervention) the participant performs 1 or more reference exercises, for example walking at different speeds on a treadmill, wearing the accelerometer. The total number of counts from the measurement period is then related to the average counts from the reference exercises for that child. Hence, the total number of counts (the total physical activity) under free-living is adjusted for both interindividual and intraperiodical differences in biomechanical efficiency of movement. This approach may allow the effect of intervention to be evaluated using smaller numbers of participants.
Regardless of body weight status or gender, individual variation in steps tended to be higher for measurements made at 2 km·h -1 than for higher speeds, and the mean accuracy was lower. The inability of accelerometers to assess steps at slow speeds has been reported in earlier studies. 25 Similar to our findings, the mean (SD) accuracy for the Lifecorder EX and the ActiGraph GT1M in adults was reported to 92 6% and 64 15% at 3 km·h -1 , respectively, but the underestimation was only 3% or less for higher speeds. 26 These results suggest that these accelerometers may have limitations in distinguishing time spent being sedentary from time engaged in low-intensity physical activity. When interventions aim to incrementally increase intensity and time at each higher level, researchers seek an evaluation tool that can quantify change from a sedentary lifestyle (sitting) to more time of low-intensity activities (ie, standing, light walking), as these changes are often essential prerequisites to engagement in more intensive activities. As it appears that accelerometers may not be able to assess these early changes, other tools or sensors might need to be used in conjunction with accelerometers.
The limitations of this study are the small sample size decreasing the generalization of the results, and the use of only treadmill walking for evaluating the accelerometers. However, the strict treadmill protocol was necessary to minimize the number of factors affecting the response from the accelerometers and the accuracy of the oxygen uptake device, and to assure adherence to the intensity levels. Follow-up studies for free-living activities and in larger samples may be needed to confirm or complement our results. Only then could these accelerometers be used in large-scale intervention studies with high-risk children when change at the individual-level over long time periods is to be measured.
Conclusions
The commonly used accelerometers the Lifecorder EX, the ActiGraph GT1M, the RT3 and the Biotrainer Pro all showed high ability to assess physical activity intensity. They can also be used to compare physical activity between normal-weight and overweight children without requiring calibration for body weight status. The large individual variation in accelerometer response and the relationship to physical activity intensity suggests that data cannot easily be interpreted at the individual level without developing a calibration curve for the individual child. The Lifecorder and the ActiGraph can also be used to assess steps with high accuracy in both normal and high BMI children, providing speed of movement exceeded 2 km·h -1 .
